Lipid A structural modifications can substantially impact the host's inflammatory response to bacterial LPS. Bacteroides fragilis, an opportunistic pathogen associated with life-threatening sepsis and intra-abdominal abscess formation, and Bacteroides thetaiotaomicron, a symbiont pivotal for proper host intestinal tissue development, both produce an immunostimulatory LPS comprised of penta-acylated lipid A. Under defined conditions, Porphyromonas gingivalis, an oral pathogen associated with periodontitis, also produces an LPS bearing a penta-acylated lipid A. However, this LPS preparation is 100-1000 times less potent than Bacteroides LPS in stimulating endothelial cells. We analyzed Bacteroides and P. gingivalis lipid A structures using MALDI-TOF MS and gas chromatography to determine the structural basis for this phenomenon. Even though both Bacteroides and P. gingivalis lipid A molecules are penta-acylated and mono-phosphorylated, subtle differences in mass and fatty acid content could account for the observed difference in LPS potency. This fatty acid heterogeneity is also responsible for the peak ''clusters'' observed in the mass spectra and obfuscates the correlation between LPS structure and immunostimulatory ability. Further, we show the difference in potency between Bacteroides and P. gingivalis LPS is TLR4-dependent. Altogether, the data suggest subtle changes in lipid A structure may profoundly impact the host's innate immune response.
Introduction
The Bacteroides consists of anaerobic Gram-negative rods and is the most numerous genus found in the human ileum and large intestine, outnumbering Escherichia coli 100 to 1 [1, 2] . Bacteroides thetaiotaomicron, an important member of the host's normal flora, lives in a symbiotic relationship with its human host. Bacteroides fragilis, on the other hand, poses a potential threat as an opportunistic pathogen. Due to the presence of several different virulence factors, this organism can cause systemic infection when it leaves its intestinal niche and enters the bloodstream [3, 4] . Indeed, despite constituting only 0.5% of the entire intestinal microbiota, B. fragilis is the most common anaerobic isolate from patients with sepsis or intra-abdominal abscesses [5] .
Porphyromonas gingivalis, an anaerobic Gram-negative rod formerly classified as Bacteroides, is an oral pathogen associated with periodontitis [6] .
Gram-negative bacteria contain lipopolysaccharide (LPS) in the outer leaflet of their outer membrane. While LPS contains large, variable polysaccharide and oligosaccharide regions, the relatively conserved lipid region (lipid A) is the endotoxic and biologically active moiety responsible for septic shock. The ''canonical'' structure is represented by that from E. coli and is the most potent lipid A species known (Fig. 1A) . It consists of a 1,4 0 -biphosphorylated glucosamine disaccharide bearing six fatty acids which are unbranched chains 12 or 14 carbon units long [7] . Other lipid A species, however, show variability in the number, length, and composition of attached fatty acids, as well as variability in the level of phosphorylation and number and types of substituted groups found attached to the phosphate residues [1, 7] . For instance, lipid A isolated from B. fragilis is penta-acylated and mono-phosphorylated [8] . Additionally, the fatty acids present in B. fragilis LPS are branched and 15, 16, or 17 carbon units long ( Fig. 1B) [8] . Although not identical, the penta-acylated and mono-phosphorylated lipid A U N C O R R E C T E D P R O O F structure of P. gingivalis, generated under the condition of low hemin concentration, closely resembles that of Bacteroides (Fig. 1C ) [9, 10] . Significantly, deviations from the canonical lipid A structure are known to have a profound impact on the host innate immune response [7] .
One source of variation between the Bacteroides and P. gingivalis lipid A structures is the distribution of attached fatty acids. Previously, we demonstrated P. gingivalis lipid A heterogeneity by revealing the presence of multiple lipid A structures in LPS preparations isolated from a single strain [11] . The lipid A structures differed by 14 amu, giving rise to the peak ''clusters'' observed on the MALDI-TOF mass spectra, and we speculated that this variation arose from the differential distribution of attached fatty acids [11] . We showed the fatty acid content of P. gingivalis lipid A primarily depended on the acyl chain length specificity of LpxA and LpxDdwhich attach the primary ester-and amide-linked fatty acids, respectivelydand the fatty acid substrate pool available to the biosynthetic enzymes [11] .
Much is still unclear about the potency of penta-acylated, monophosphorylated LPS as determined by its ability to activate an innate immune response via TLR4. For instance, in the current literature, the potency of Bacteroides LPS remains a controversial issue. Some research indicates that Bacteroides LPS exhibits substantial potency, while other research shows it exhibits little to no potency [12] [13] [14] [15] . On the other hand, penta-acylated and monophosphorylated P. gingivalis LPS has been consistently shown to exhibit weak endotoxicity [16] [17] [18] [19] .
Therefore, in the present work, we sought to clarify the confusion in the literature regarding the recognition of Bacteroides LPS by TLR4. To achieve this, we conducted side-by-side studies of the LPS isolated from Bacteroides and compared it to the more highly characterized TLR4 agonist LPS isolated from P. gingivalis. Two different LPS isolation methods were employed, and the resulting preparations were characterized structurally. Additionally, the preparations were analyzed functionally by assessing their ability to stimulate an innate immune response via TLR4 using two different methods. Our results demonstrate that Bacteroides LPS is a potent stimulator of innate immunity through TLR4.
Results
2.1. TRI Reagent-extracted and phenol-extracted Bacteroides lipid A structures are very similar, but both are slightly smaller than P. gingivalis lipid A LPS isolation methods often vary between laboratories, and we have shown different LPS isolation methods can selectively purify different types of LPS. For instance, the EtOH/MgCl 2 (Darveau/ Hancock) method is known to selectively isolate tetra-acylated lipid A [17, 20, 21] . Because of this, we used MALDI-TOF MS to compare the Bacteroides lipid A structures obtained after LPS purification using one of two different LPS isolation techniques: the TRI Reagent (a commercial preparation of phenol and guanidine thiocyanate) and hot phenol-water methods [22, 23] . The TRI Reagent method yielded a penta-acylated lipid A molecule with a cluster of mass peaks centered at m/z 1676 for both B. fragilis and B. thetaiotaomicron ( Fig. 2A and C). (The minor peaks centered at m/z 1235 and 1454 may be trace amounts of tri-and tetraacylated lipid A.) Similarly, the hot phenol-water method yielded the exact same pattern ( Fig. 2B and D) .
We then compared the lipid A mass peak profile of Bacteroides with that of P. gingivalis, since P. gingivalis was once classified as, and is thus closely related to, Bacteroides [24, 25] . Confounding this comparison was the discovery that P. gingivalis produces pentaacylated lipid A molecules when the hemin concentration is 110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175   176  177   178  179   180  181   182  183   184  185   186  187   188  189 190 191 192 193 194 195 196 197 relatively low and tetra-acylated lipid A molecules when the hemin concentration is relatively high [10] . To eliminate this source of variation, all of the procedures reported in this study utilized a strain designated ''P. gingivalis 1626,'' a mutant we constructed that exclusively synthesizes penta-acylated lipid A species regardless of hemin concentration (unpublished data). Previously, we have shown that the penta-acylated, mono-phosphorylated structure of P. gingivalis lipid A is not affected by the LPS isolation method; therefore, we used only the TRI Reagent method to isolate LPS from the P. gingivalis mutant [17] . When the lipid A of this mutant was analyzed by MALDI-TOF MS, it produced a mass peak cluster centered at m/z 1690 ( Fig. 2E ). (The single peak at m/z 1438 is known to be a minor, non-lipid A contaminant.) Notably, the lipid A produced by P. gingivalis 1626 (termed ''Pg 1690'' lipid A) is, on average, 14 amu (one methylene subunit) larger than that produced by Bacteroides. Taken together, the data indicate the TRI Reagent and hot phenol-water methods both isolate similar LPS species in terms of lipid A structure as measured by MALDI-TOF MS. Further, the data indicate P. gingivalis lipid A is slightly larger than that of Bacteroides.
Bacteroides LPS contains a distribution of fatty acids that is different from P. gingivalis LPS
To further examine potential structural differences between Bacteroides and P. gingivalis lipid A, we analyzed the fatty acid content of their respective LPS molecules by gas chromatography. We found the distribution of fatty acids to be quite different for each of the three LPS species examined (see Table 1 ). For instance, B. fragilis had a preference for attaching an iso-C15 fatty acid, while B. thetaiotaomicron preferred an anteiso-C15 fatty acid. Another major difference was that P. gingivalis attached a straight- 
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chain C16 fatty acid, while both Bacteroides species attached almost no C16 fatty acids, but instead preferred a 3-OH-C16 fatty acid. Finally, P. gingivalis and B. fragilis attached a high percentage of a 3-OH-C17 fatty acid, but B. thetaiotaomicron attached the fatty acid at a much lower percentage. Altogether, our results demonstrate that the peak clusters observed in the mass spectra of Bacteroides and P. gingivalis lipid A are due to subtle differences in mass and fatty acid content between the lipid A moieties isolated from each organism and between the lipid A moieties isolated from the same organism. In other words, each bacterium produces a heterogeneous population of lipid A molecules that differ in mass and fatty acid content, and the populations of lipid A molecules also differ between the bacterial species. Further, our results are relatively consistent with the published structures for B. fragilis and P. gingivalis lipid A [8, 9] .
Bacteroides LPS exhibits immune potency independent of the LPS extraction method
Since we demonstrated slight structural variations existed between B. fragilis and B. thetaiotaomicron lipid A, we wanted to determine if these variations resulted in differing abilities to stimulate E-selectin expression from human umbilical vein endothelial cells (HUVECs), which predominantly express TLR4 [26] . Although the LPS extraction method did not appear to affect the lipid A structures, we also wanted to ensure that the extraction method did not affect the potency of the LPS preparations. Therefore, we stimulated HUVECs with both TRI-extracted and phenolextracted LPS from B. fragilis and B. thetaiotaomicron, and no appreciable difference in E-selectin expression (as measured by ELISA) was detected ( Fig. 3 ). (Henceforth, all cell stimulation assays were performed using LPS extracted using the TRI Reagent method.) Importantly, our results indicate the potency of Bacteroides LPS independent of the extraction method used.
Bacteroides LPS is less potent than E. coli LPS
Because Bacteroides LPS exhibited potent endotoxicity, we compared its ability to stimulate E-selectin expression on HUVECs with that of E. coli LPS, the most potent endotoxin known, and with that of E. coli msbB LPS, a non-stimulatory LPS produced by a mutant which only synthesizes penta-acylated lipid A [27] . E. coli msbB lacks the ability to attach its secondary C14 fatty acid and, as a result, produces a non-toxic LPS molecule. This LPS was used as a negative control in cell stimulation assays [21] . As shown in Fig. 4 , both Bacteroides LPS preparations were more potent than the msbB LPS negative control, but were less potent than E. coli LPS. Interestingly, B. thetaiotaomicron LPS was consistently and significantly more potent than B. fragilis LPS at 0.1 mg/mL (p < 0.05) and at 1 mg/mL (p < 0.05), despite both species producing extremely similar lipid A moieties. Altogether, our results demonstrate the potency of Bacteroides LPS, with B. thetaiotaomicron LPS being slightly more immunostimulatory than B. fragilis LPS.
Bacteroides LPS and lipid A more potently activate E-selectin expression from HUVECs than P. gingivalis LPS and lipid A
It has been reported that a few select proteins may stimulate an immune response via TLR4 [28] . Therefore, a possibility existed that protein contamination may have contributed to the immune 
potency observed for the Bacteroides LPS preparations. To examine this, we ran 10 mg of the TRI-extracted B. thetaiotaomicron LPS preparation on an SDS-PAGE gel, transferred the contents to a PVDF membrane, and then subjected the membrane to colloidal gold staining (Fig. 5A, lane 1) . As shown on the gel, the only contaminant present was a low molecular weight protein. Most likely, this minor contaminant is an endotoxin-associated lipoprotein that has been shown to activate TLR2, but not TLR4 [29, 30] . Additionally, by comparing the intensity of the lipoprotein band (lane 1) to the much darker band corresponding to 100 ng of BSA (lane 5), we calculated that the B. thetaiotaomicron LPS sample contained less than 1% lipoprotein. Even though this lipoprotein does not stimulate through TLR4, we attempted to eliminate it from the LPS preparation using the ''Vogel re-purification'' [31] method. However, LPS preparations we subjected to this re-purification procedure gave inconclusive and inconsistent structural and functional data (not shown). Alternatively, we attempted to reduce the lipoprotein content of the LPS preparations by isolating purified lipid A. As shown in Fig. 5A , the B. thetaiotaomicron lipid A preparation (lane 2) contained slightly less lipoprotein than the B. thetaiotaomicron LPS preparation (lane 1).
After carefully characterizing the B. thetaiotaomicron LPS and lipid A preparations, we compared their ability to stimulate E-selectin expression from HUVECs with that of the P. gingivalis LPS and lipid A preparations. (Additionally, the lipoprotein content of the P. gingivalis LPS and lipid A preparations was also determined to be w1%; see lanes 3 and 4 in Fig. 5A .) Strikingly, we observed thatddespite possessing only subtle differences in lipid A structuredP. gingivalis 1626 LPS (''Pg 1690'' LPS) was 100-1000 times less potent at activating E-selectin expression than Bacteroides LPS (Fig. 5B ). However, it is thought that the presence of the O-Antigen in LPS can lead to aggregation, potentially influencing the ability of TLR4/MD-2 to properly recognize and respond to the LPS [32] . Additionally, the presence of the O-Antigen makes it difficult to determine if equal amounts of the bioactive moiety lipid A are being applied to the cells. To address these concerns, we isolated LPS from B. thetaiotaomicron and P. gingivalis and cleaved off the O-Antigen using a mild acid hydrolysis [33] . The resulting lipid A preparations were used to stimulate HUVECs. (It should be noted that both lipid A preparations contained less lipoprotein than the LPS preparations; compare lane 1 with lane 2 and lane 3 with lane 4.) Consistent with our previous results using LPS, B. thetaiotaomicron lipid A was approximately 1000 times more potent than P. gingivalis lipid A (Fig. 5B ). Taken together, these results indicate that the lipid A moiety of LPS is primarily responsible for the differences in immune potency observed between Bacteroides and P. gingivalis LPS.
The difference in immunostimulatory ability between Bacteroides and Pg 1690 LPS is TLR4-dependent
Since HUVECs might express a small amount of TLR1, -2, and -3, we wanted to ensure that the potency differences observed between Bacteroides and Pg 1690 LPS were indeed due to TLR4 [26] .
To determine this, we stimulated human TLR4/MD-2-transfected HEK 293 cells with B. fragilis, B. thetaiotaomicron, and Pg 1690 LPS preparations. In addition to human TLR4 and MD-2 plasmid constructs, HEK 293 cells were transfected with plasmid constructs containing ELAM-1 firefly luciferase (which is responsive to NF-kB production) and b-actin Renilla luciferase (as a transfection control). Following LPS stimulation, the fold increase of relative luciferase units was determined by calculating the ratio of firefly/ Renilla luciferase production for the stimulated samples to the firefly/Renilla luciferase production for the non-stimulated samples. Consistent with our previous results, we observed B. fragilis and B. thetaiotaomicron LPS species to be approximately 100-to 1000-fold more potent than Pg 1690 LPS (Fig. 6 ). Thus, it appears that differential interaction at the TLR4-MD-2 complex is responsible for the observed differences in the immunostimulatory ability of the LPS species. Taken together, our results suggested P. gingivalis LPS, which contains subtle differences in its lipid A structure as compared to that of Bacteroides, is greatly reduced in its ability to stimulate an immune response in a TLR4-dependent manner.
Discussion and conclusions
The structure-function relationship that has defined the interaction of LPSdand more specifically, lipid Adwith the TLR4-MD-2 complex is becoming increasingly complicated. Although lipid A is considered to be the most conserved moiety of the LPS molecule, much evidence indicates that the ability of Gram-negative bacteria to modify this structure for the purpose of manipulating the host innate immune response appears to be a ubiquitous phenomenon. At first, relatively major changes to the lipid A structure were 500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564 
U N C O R R E C T E D P R O O F
observed to confer special properties on the bacteria. For instance, 4aminoarabinose modification of Salmonella typhimurium lipid A confers the organism with increased resistance to cationic antimicrobial peptides [34] . In addition, it was found that Yersinia pestis, the etiologic agent of bubonic plague, modified its hexa-acylated lipid A to a tetra-acylated form when the organism underwent a temperature shift from 27 C (ambient temperature) to 37 C (mammalian body temperature) [35] . This deacylation caused the organism's LPS to be greatly reduced in its ability to elicit an innate immune response as measured by TNF-a secretion [35] . Perhaps most strikingly, when Y. pestis was genetically modified to always produce a hexa-acylated LPS, regardless of temperature, the organism was completely avirulent in a murine model of infection [36] .
Recently, relatively small changes in lipid A structure have been observed to greatly influence the innate immune response of the host. For example, we showed that when the C12 fatty acid normally present in the lipid A structure of E. coli (Fig. 1A) was replaced by a C16 fatty acid, the LPS was greatly reduced in its ability to trigger an innate immune response from Mono-Mac-6 cells as measured by IL-8 secretion [37] . The difference in immunostimulatory ability between the two molecules rested solely in their fatty acid chain lengths. Thus, the extremely subtle change of replacing a single fatty acid with a slightly longer fatty acid directly impacted LPS recognition by Mono-Mac-6 cells.
In the present study, we examined the ability of Bacteroides and P. gingivalis LPSdboth containing structurally similar penta-acylated and mono-phosphorylated lipid A moietiesdto stimulate an innate immune response. Overall, our results demonstrated that subtle, often unappreciated differences in lipid A structure may substantially impact the host's innate immune response. Confounding the issue, however, is the heterogeneous nature of the lipid A molecules present within certain bacterial species. This heterogeneity can be observed in the mass spectra, where lipid A moleculesddespite having been isolated from the same organismddo not give rise to single peaks, but to peak ''clusters,'' which represent lipid A molecules that differ in mass by 14 amu (Fig. 2) . The cause of these ''lipid A clusters'' has been attributed to variations in fatty acid content [11] . These variations arise due to relaxed acyl chain length specificity of the lipid A biosynthetic enzymes LpxA and LpxD and due to varying substrate availability [11] . The advantage gained by a bacterium producing a heterogeneous pool of lipid A molecules, as opposed to a single lipid A structure, is currently unclear.
Further confounding the issue is the possibility that differences in phosphate placement between Bacteroides and P. gingivalis lipid A could also contribute to the difference in their immunostimulatory abilities. Currently, the published structure of P. gingivalis lipid A places a phosphate in the 1 position [9] . However, recent preliminary analyses in our laboratory indicate that the lipid A from Pg 1690 LPS likely bears a 4 0 -phosphate rather than a 1-phosphate as is currently accepted (S. Coats and R. Darveau, unpublished data). Therefore, we conclude that the 100-to 1000-fold difference in immune potency observed between the highly similar pentaacylated and mono-phosphorylated Bacteroides and P. gingivalis LPS preparations may be due to one or more subtle lipid A structural differences including fatty acid content and phosphate placement.
Because of lipid A structural heterogeneity, traditional structure-function relationships are becoming more difficult to define in LPS preparations. Currently, there is no literature on the ''lipid A cluster-function'' relationship. Since the lipid A molecules present in Bacteroides and P. gingivalis exist as a heterogeneous mixture, the best way to define such a relationship is by observing correlations. For instance, in this study, the presence of a 3-OH-C16 fatty acid and a smaller lipid A moiety correlated with greater immune potency. We propose that future research use such correlations when assessing heterogeneous lipid A structure-function relationships.
Another potential solution would be to construct synthetic lipid A molecules. The usefulness of this approach is two-fold: (1) This approach allows the more traditional single structure-function relationship to be analyzed; and (2) It eliminates potential contaminants. Indeed, despite demonstrating that our LPS preparations contain only a trace amount of lipoprotein contamination, it cannot be ruled out that as of yet unidentified molecules are contaminating the LPS preparations. In the case of Bacteroides LPS, it is possible that a contaminating molecule is enhancing its immunostimulatory ability; in the case of P. gingivalis LPS, it is possible that a contaminating molecule is antagonizing its immunostimulatory ability. However, the technical difficulty of constructing synthetic lipid A molecules makes this approach impractical for most laboratories.
The impact of lipid A heterogeneity on the host innate immune response is also unclear. The conventional wisdom is that hexaacylated lipid A is transferred from LBP to CD14 and then to the TLR4/ MD-2 complex, triggering oligomerization and the subsequent translocation of NF-kB into the nucleus followed by expression of pro-inflammatory mediators [38] . However, there is much controversy surrounding the immunostimulatory ability of LPS with lipid A containing fewer than six fatty acidsdso-called ''under-acylated'' LPS. In the case of Bacteroides, some evidence indicates its LPS stimulates cells exclusively via TLR4, stimulates cells exclusively via TLR2, or exhibits almost no stimulatory ability [12] [13] [14] [15] . P. gingivalis LPS has also been observed to stimulate via TLR2 [20] . Critics of these findings claim TLR2 activation is due to lipoprotein contamination that may be a result of improper LPS purification [30, 31, 39, 40] . While this may be true for TLR2 activation by hexa-acylated LPS preparations (such as that from E. coli), ample evidence indicates under-acylated LPS still retains the ability to activate TLR2 following extensive re-purification [13, 14, 41, 42] . Due to the contentious nature of the issue and the presence of trace lipoprotein in our LPS preparations, we chose to limit this study to examining the interaction between heterogeneous lipid A clusters and TLR4.
Based on our findings and the current state of the literature, we diagrammatically summarize the present understanding of the 
relationship between lipid A structure and immune potency in Fig. 7 . While exceptions to the current paradigm are certain to exist, the diagram is simply intended to represent the overall trend in the literature. The first pattern to emerge from the literature seems to indicate that lipid A molecules bearing six fatty acids correlate with optimum LPS potency, while lipid A molecules containing fewer fatty acids leads to a decrease in potency (Fig. 7A) . Indeed, lipid A isolated from the E. coli msbB mutant, which is identical to wildtype E. coli lipid A with the exception of lacking a single secondary C14 fatty acid, has dramatically decreased immunostimulatory ability [27] . Similarly, Y. pestis grown at 37 produces a non-stimulatory, tetra-acylated lipid A that is identical in structure (with the exception of lacking both secondary fatty acids) to the strongly immunostimulatory, hexa-acylated lipid A produced when grown at 27 [35, 43] . Evidence from the literature also indicates lipid A moieties containing fatty acids that are 12-14 carbon units long are most potent, while deviations from these carbon-chain lengths are associated with decreased potency (Fig. 7B) . Indeed, as mentioned [1] ). In each row, the lipid A molecules are arranged from most potent (left) to least potent (right). (A) E. coli, with six fatty acids, is the most potent lipid A structure known. Existing evidence indicates that as the number of attached fatty acids decreases, so does the potency. (B) Lipid A appears to be most potent when the attached fatty acids are 12-14 carbon units long. Deviations from these carbon-chain lengths decrease the potency. (C) Current research indicates the most potent lipid A molecules contain two phosphate groups, and lipid A molecules with one (or no) phosphate groups are much less potent. (D) Data from this work shows that Bacteroides LPS is less potent than E. coli LPS, and P. gingivalis LPS is the least potent of all three. A possible explanation for this is that although both Bacteroides and P. gingivalis possess penta-acylated and mono-phosphorylated lipid A molecules, the fatty acid chain lengths of Bacteroides lipid A are closer in length to those of E. coli lipid A than the fatty acid chain lengths of P. gingivalis lipid A are to those of E. coli lipid A. 760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824 
previously, we demonstrated when the secondary C12 fatty acid in E. coli lipid A was replaced by a C16 fatty acid, the LPS was greatly reduced in potency [37] . Finally, a pattern which is widely acknowledged is lipid A molecules that have two phosphate groups are usually much more potent than lipid A molecules containing only one (or no) phosphate groups [44] (Fig. 7C) . Indeed, E. coli lipid A lacking either its 1-or 4 0 -phosphate is substantially reduced in its immunostimulatory ability [45] . Therefore, according to the paradigm, a possible explanation emerges for why P. gingivalis LPS is less potent than Bacteroides LPS. Both LPS species are penta-acylated and mono-phosphorylated, however, P. gingivalis LPS may have a greater proportion of longer-chain fatty acids (as indicated by the mass spectra, gas chromatography data, and previously published structure) ( Fig. 7D) . Phosphate position may also differ between Bacteroides and P. gingivalis LPS, but further research must be done to confirm this. Ultimately, these subtle differences may explain why P. gingivalis LPSddespite sharing much lipid A structural similaritydis 100-1000 times less potent than Bacteroides LPS.
This study has provided an insight on the complexity underlying the structure-function relationship as manifested by the interaction of LPS and TLR4. Indeed, the heterogeneity of lipid A molecular structures in certain Gram-negative bacteria confounds traditional structure-function studies. Further research into the molecular mechanisms behind the production of multiple lipid A species and their impact on the innate immune response hopefully will clarify the increasingly complex interactions observed between host and microbe.
Materials and methods
4.1. Bacterial strains and growth conditions P. gingivalis ATCC 33277 and B. fragilis NCTC 9343 (ATCC 25285) were obtained from the American Type Culture Collection, Rockville, MD. B. thetaiotaomicron VPI-5482 was obtained from the Virginia Polytechnic Institute, Blacksburg, VA. P. gingivalis 1626, a mutant strain that only synthesizes penta-acylated lipid A, was constructed by S. Coats in our lab (unpublished data), and this strain was used for all procedures involving P. gingivalis LPS and lipid A. Cultures were made from frozen bacterial stocks to avoid repetitive subculture. For LPS isolation, bacterial strains were grown anaerobically at 37 C in TYHK media, which consists of trypticase soy broth (BBL # 211768) at 30 g/L, yeast extract (BD #212750) at 5 g/L, and vitamin K 3 (menadione) (Sigma #M-5625) at 1 mg/mL. After autoclaving, filtersterilized hemin (Fluka #51280) at 5 mg/mL was added. Stationary phase cells were employed for LPS isolation.
LPS purification
LPS was purified using one of two different methods. Briefly, in the TRI Reagent method, as described previously by Yi and Hackett [22] , 50 mL of bacterial culture were centrifuged at 6500 rpm, and the bacterial pellet was rinsed once with sterile water. After this, the pellet was re-suspended in 1 mL of TRI Reagent (MRC #TR 118), a commercial preparation of phenol and guanidine thiocyanate. After thorough mixing, 1/5 volume of chloroform was added and mixed. The mixture was centrifuged for 10 min at 12 000 rpm in a standard tabletop microcentrifuge, and the top, aqueous layer was retained. LPS-free water was used to re-extract the mixture twice more, and the pooled aqueous phases were lyophilized to produce ''crude LPS.'' Crude LPS was then washed once with cold 0.375 M MgCl 2 in 95% EtOH, centrifuged at 4 C at 5000 rpm (in a microcentrifuge) for 5 min, and washed thrice more with cold 95% EtOH followed by a final wash with cold 100% EtOH. After drying, the LPS was subjected to a modified Folch extraction to remove contaminating phospholipids [46] . Briefly, LPS was re-suspended to 1% (w/v) in Folch reagent (2:1 ratio of chloroform:MeOH), centrifuged at 4 C at 10 000 rpm (in a microcentrifuge) for 5 min, and dried. The final product was re-suspended in water and w1% TEA (to aid in solubility) and considered to be ''purified LPS.''
The other procedure used to purify LPS was a modification of the hot phenol-water extraction [23] . Briefly, lyophilized bacterial cells re-suspended in water at 20 mg/mL were mixed with an equal volume of 90% phenol (w/v) and incubated at 70 C for 1 h. Then, after the mixture was cooled to room temperature, it was centrifuged at approximately 2000Â g for 30 min. The top aqueous layer was retained, and the remaining mixture was extracted with an equal volume of LPS-free water twice more. The pooled aqueous phases were dialyzed against distilled water, frozen, and lyophilized, and the dried product was referred to as ''crude LPS.'' Crude LPS was then re-suspended in 10 mL of 10 mM Tris (pH 5) and incubated at 37 C for 2 h in the presence of RNase A at 25 mg/mL and DNase I at 100 mg/mL. Proteinase K was then added at 100 mg/mL, and the mixture was again incubated at 37 C for 1-2 h. After 5 mL of watersaturated phenol were added, the mixture was vortexed and centrifuged at room temperature at 2000Â g for 30 min. Once again, the aqueous phase was retained and dialyzed against distilled water, frozen, and lyophilized. The final product was considered to be ''purified LPS.''
Gas chromatography (GC) of LPS fatty acids
LPS was isolated using a crude hot phenol-water extraction. Briefly, after approximately 20 mg of lyophilized bacteria were resuspended in 500 mL of water, 500 mL of 90% phenol was added, and the mixture was incubated for 1 h in a 70 C water bath. The mixture was cooled and then centrifuged at room temperature at 10 000 rpm for 10 min, after which the aqueous (top) layer was removed and set aside. The extraction was repeated twice more each with 500 mL of water, and the aqueous phases were pooled.
Following the extractions, 2 mL of diethyl ether was added to the pooled aqueous phase, then the mixture was vortexed and centrifuged at 3000 rpm for 5 min. The ether (top) layer was removed and discarded, and the diethyl ether extraction was performed once more. Finally, the aqueous (lower) phase was removed and lyophilized. The fatty acids from this crude LPS preparation were then analyzed by GC as previously described [27] . Briefly, the crude LPS preparation was subjected to methanolysis in 2 M methanolic HCl at 90 C for 18 h in order to derivatize the fatty acids to methyl esters. After the addition of 200 mL of a saturated NaCl solution, the methyl esters were extracted twice with 400 mL of hexane and analyzed by GC.
Lipid A purification
Lipid A was purified by a mild acid hydrolysis, as described previously [33] . Briefly, 500 mL of 1% SDS in 10 mM sodium acetate (pH 4.5) was added to 1-3 mg of purified LPS and incubated at 100 C for 1 h. After this, the solution was frozen and lyophilized.
Next, the dried material was re-suspended in 100 mL LPS-free water and 1 mL of cold, acidified 95% EtOH (made by adding 100 mL of 4 N HCl to 20 mL of 95% EtOH) and centrifuged at 4 C at 5000 rpm (in a microcentrifuge) for 5 min. The supernatant was discarded, and the lipid A was washed thrice more with cold 95% EtOH. All four washes were repeated, followed by a final wash with cold 100% EtOH. The purified lipid A was then dried and used for MALDI analysis or was re-suspended in water and w1% TEA for HUVEC stimulation. Negative ion MALDI-TOF MS of purified lipid A was performed using a Bruker Bioflex III mass spectrometer (Bruker Daltonics, Billerica, MA). Approximately 0.5-1 mg of lipid A was re-suspended in 5-10 mL of CMBT (5-chloro-2-mercaptobenzothiazole) matrix solution (which consisted of 10 mg of CMBT combined with 250 mL of chloroform and 250 mL methanol). The re-suspended lipid A was spotted onto a polished steel target plate (Bruker Daltonics) and analyzed. Detected ion peaks were rounded to the nearest whole number.
Colloidal gold staining
Colloidal gold staining was used to detect potential protein contamination in the LPS preparations. LPS samples (10 mg) were run on a 4-12% gradient polyacrylamide gel (Invitrogen) at a constant 35 mA for approximately 1 h. The samples were then transferred to a PVDF membrane at a constant 100 V for 1 h. The membrane was then stained with the Colloidal Gold Total Protein Stain (Bio-Rad) according to the manufacturer's instructions. An image was obtained by scanning the membrane with an Epson Perfection 3200 Photo scanner, and the image was converted to grayscale using Adobe Photoshop.
HUVEC culture, stimulation, and E-selectin detection
Human umbilical vein endothelial cells (HUVECs) were grown and maintained in HUVEC growth media and stimulated with LPS or lipid A as described previously [17, 47] . Following stimulation, E-selectin protein expression was detected by ELISA, as described previously, with a few modifications [17, 47] . Briefly, cells were fixed with 0.5% glutaraldehyde in PBS, after which the cells were washed thrice with PBS. The fixed cells were then incubated at 4 C overnight with blocking reagent (0.02 M EDTA and 3% goat serum in PBS) mixed with anti-human E-selectin antibody (R & D Systems #BBA1) at 0.25 mg/mL. Cells were rinsed thrice with PBS, and then incubated at room temperature for at least 2 h with horseradish peroxidase-conjugated AffiniPure F(ab 0 ) 2 fragment goat anti-mouse IgG antibody (Jackson ImmunoResearch #115-036-071) at 0.4 mg/mL in blocking reagent. Next, cells were again washed thrice with PBS. Finally, cells were briefly incubated at room temperature with 100 mL of TMB (3, 3 0 , 5, 5 0 -tetramethylbenzidene), after which 50 mL of 1 N H 2 SO 4 was added to stop the reaction. Color was detected by light absorbance at 450 nm in an ELISA plate reader.
HEK 293 cell culture, stimulation, and luciferase assays
Human embryonic kidney (HEK) 293 cells were maintained and stimulated with LPS as previously described [20, 48, 49] . Following stimulation, the cells were rinsed with PBS and lysed with 50 mL of 1Â passive lysis buffer (PLB) (Promega). Reporter gene expression in 12 mL of each lysate was measured using the Dual-Luciferase Reporter 1000 Assay System (Promega) in a Centro LB 960 Microplate Luminometer (Berthold Technologies) as described previously [20, 48] .
Statistical tests for significance
Significance tests were performed using Microsoft Excel 2007. P-values were determined using the two-sample, two-tailed Student's T test assuming unequal variance.
